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Wave-particle duality constitutes one of the most intriguing features in quantum physics. A
well-known gedanken experiment that provides evidence for this is the Wheeler’s delayed-choice
experiment based on a Mach-Zehnder interferometer. Many different versions of delayed-choice ex-
periments have been conducted with both classical and quantum detecting devices. Recently, it
was proposed that the delayed-choice experiment could be devised from the perspective of device-
independent prepare-and-measure scenario. In our work, we experimentally realize this modified
version with a deterministic single-photon source, and examine the wave-particle objective in a
causal-modeled scheme without assistance of entanglement, which is achieved by violating the di-
mension witness inequalities. Our experiment also provides an intriguing perspective and exhibits
the benefits of studying quantum theory from the casual model point of view.
Introduction.—The wave-particle duality is a central
concept in quantum mechanics. The young’s double-
slit interference experiment [1] is a celebrated example
in which the concept of duality plays an important role
in the famed Bohr-Einstein debate and prompted Bohr
to formulate the complementarity principle [2]. Bohr’s
complementarity principle states that a single quantum
object can behave as a wave or as a particle depending
on the measurement apparatus. However, an alternative
view of complementarity assumes that the particle some-
how knows the type of detecting device and adjust its
own behavior before entering the apparatus. To examine
this idea, Wheeler proposed the delayed-choice gedanken
experiment where the choice of the property that will be
observed is made after the photon has passed the first
beamsplitter of a Mach-Zehnder interferometer: “Thus
one decides the photon shall have come by one route or
by both routes after it has already done its travel” [3–5].
Since Wheeler’s delayed-choice experiment (WDCE)
was proposed, many modified versions of this experi-
ment have been conducted [6–9]. The original version
of this experiment was first realized using a fast elec-
tronic device[10, 11]. Subsequently, a quantum version
of the delayed-choice experiment (QDCE) was proposed
by Ionicioiu and Terno (IT) [12] in a particular wave-
particle objective model, where they replaced the second
beamsplitter in WDCE with a quantum controlled one
that could exist in a superposition of being present or
absent until after the photon is detected. Ascertaining
whether the beam splitter was truly in a quantum super-
position state motivated entanglement-assisted QDCE
[13–15] which relied on the violation of a Bell inequality
to rule out the IT model in a device-independent (DI)
manner [16, 17]. Moreover, Tang et al. [18] observed
the quantum wave-particle superposition through the in-
terference fringes directly and proved that the quantum
wave-particle superposition state was distinct from the
classical mixture state because of the quantum interfer-
ence between the wave and particle states.
Recently, a new proposal [19] based on the causal
model demonstrated that a two-dimensional classical
hidden variable model could explain the outcomes of
WDCE and QDCE. Herein, the delayed-choice experi-
ments could be considered from the perspective of device-
independent causal models in a prepare-and-measure sce-
nario. Furthermore, this proposal could exclude any two-
dimensional nonretrocausal classical model in a device-
independent manner based on the violation of the dimen-
sion witness inequality [20, 21].
In this Letter, we experimentally realize this causal-
modeled delayed-choice experiment with a determinis-
tic single-photon source. In order to test the wave-
particle objectivity, we examine whether the hidden vari-
able model has the same dimension as the quantum sys-
tem we test. Based on the widely-used dimension wit-
ness inequalities, we can exclude any two-dimensional
nonretrocausal classical hidden variable model in a DI
manner through our experimental results and without
help of entanglement. We first test the dimension wit-
ness |Det(W2)| for uncorrelated preparation and mea-
surement devices where the preparation and the measure-
ment are affected by two independent noise terms [19, 20].
This method is highly robust to technical imperfections
and can be used in the presence of arbitrary noise and
low detection efficiency, which indicates we can test this
causal-structured delayed-choice experiment in a detec-
tion loophole-free manner. Secondly, the dimension wit-
ness IDW can be obtained when the preparation and the
measurement are allowed to be correlated via shared ran-
domness. Our experimental results also show we can vi-
olate the dimension witness inequality in this case. Fi-
nally, we measure the retrocausality quantities at dif-
ferent preparation settings, and show how much retro-
causality that would be required to reproduce the quan-
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2tum experimental results. The experimental data used to
violate the dimension witness inequalities can also deduce
to the Hanbury-Brown and Twiss (HBT) [22] outcome
at the same time by different data processing method,
which proves the single-photon property of our source.
Our work demonstrates a WDCE in the DI “prepare-and-
measure” scenario, and shows an advantage of studying
quantum theory from the causal perspective.
Brief review of the causal model.—As shown in Fig.
1(a), the causal relationships between n random vari-
ables (X1, ..., Xn) can be graphically described by di-
rected acyclic graphs (DAGs), where each node in the
graph represents a variable and each directed edge repre-
sents a causal relation between two variables. The causal
model in Fig. 1(a) implies that any observed distribution
compatible with a hidden variable (HV) causal model
should be factorized as p(d|x, y) = ∑λ p(d|y, λ)p(λ|x).
Under the assumption of non-retrocausality, the vari-
ables Y and Λ should be statistically independent. When
retrocausality is allowed, there will be causal influence
between the variables Y and Λ. In Ref. [19], Chaves et
al. proposed that the delayed-choice experiment can be
regarded as a DI prepare-and-measure (PAM) scenario
(Fig. 1(b)). When pressing button X, the state prepara-
tor emits a particle in the state ρ(x). Then the emitted
particles are sent to the measurement device in order to
perform the action of witness. When button Y is pressed,
the measurement device performs the measurements on
the incoming particles and produces the outcomes. The
quantum experimental results is thus described by the
probability distribution p(d|x, y) which can be written in
the form p(d|x, y) = Tr(ρ(x)Md|y) for the state ρ(x) and
measurement operator Md|y (ΣdMd|y = I).
X Y
D
ρ(x)
X Y
DΛ
(a) (b)
FIG. 1: Causal model and PAM scenario for the delayed-
choice experiment. (a) DAG representation of the causal
structures for the delayed-choice experiment. Under the
assumption of non-retrocausality (neglecting the grey dash
line), the variables Y and Λ should be statistically indepen-
dent. When the retrocausality is allowed (including the grey
dash line), there will be causal influence between the vari-
ables Y and Λ. (b) Device-independent scenario for testing
the delayed-choice experiment. When button X is pressed,
the state preparator emits a particle in a state ρ(x), and it
will be sent to a measurement device. When button Y is
pressed, the device performs measurement on the particle and
the measurement produces outcomes D.
Experimental setup and results.—The experimental
setup for the causal-modeled delayed-choice experiment
is illustrated in Fig. 2. Single photons generated from an
hBN sample (see Supplemental Materials [25] for details)
serve as the photon source for the experiment, which lies
at the top platform in this figure. First, the photons will
pass through a beam splitter (BS1), which is constituted
by a polarizing beam splitter (PBS), a half wave plate
(HWP) at 22.5◦ and a beam displacer (BD), and then en-
ter into a Mach-Zehnder (MZ) interferometer. After the
photons enter into the interferometer, a fixed phase ϕxi
is immediately applied on the path a at the preparation
stage, which is realized by tilting the corresponding glass
plate. Then, the photons are delayed by 300 ns through
a 60 m long optical fiber, which also delivers the path
state ρ(x) = |ψ(x)〉〈ψ(x)|, |ψ(x)〉 = 1/√2(|b〉 + eiϕxi |a〉)
to the measurement stage. It is to be noted that before
a photon enters into the fiber, difference of the optical
length of two paths is far greater than coherent time of
the photon. Thus the fiber can be split into two isolated
channels corresponding to paths a and b, according to
both the coherent-time separation and polarization sep-
aration. Namely, paths a and b in the MZ still maintain,
but only propagate in a same spatial position. An atten-
uator in path a is used to adjust the transmittance Ta
artificially. The measurement bases, Y1 or Y2, are chosen
independently by a quantum random switch (QRS), and
its concrete setup is shown in the dashed line frame at the
bottom of Fig. 2. The randomness of QRS is ensured by
a quantum random number generator (QRNG) [23]. The
input photon in QRS is already at the horizontal polar-
ization for both paths since we already rotated the verti-
cal component by a HWP at 45◦. The photon then goes
through a HWP at 22.5◦, and is focused by a convex lens
pair (focal length f = 300 mm) into the spatial electro-
optic modulator (EOM). EOM provides a phase shift of 0
or pi between the horizontal and vertical polarization ac-
cording to the signal generated by QRNG. Another HWP
at 22.5◦ rotates the polarization again, and a PBS after
that can choose (according to the QRNG output) the
photon to go which measurement stage independently of
the preparation. The QRS can ensure that the choice of
measurement base Y does not have any causal influence
from the preparation X [24], and assist in obtaining a fast
phase shift on the path degree of freedom. More details
about QRS are presented in the Supplemental Materi-
als [25]. The phase shift σy1 or σy2 applied on path b
at the measurement stage is realized by tilting the glass
plate, which is similar to the preparation. The phase
plates (PP) in BS2 are used to compensate for unde-
sirable phase disturbances induced by optical elements.
A single photon avalanche diode after BS2 detects the
photons, which are then analyzed by a time-to-digital
converter (TDC, ID Quantique, ID800) to obtain both
the dimension witness results and the second-order time
correlation of the single photon source (SPS) simultane-
ously.
Fig. 3 shows the antibunching result of the SPS we
obtain in the experiment. Results reveal that g(2)(0) =
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FIG. 2: Experimental setup. The single photon source is
generated from hBN sample that is pumped by a 50 µW 532
nm laser. After the photon enters into the interferometer
(at BS1), a fixed phase ϕxi is applied on path a by tilting
corresponding glass plate at the preparation stage. The pho-
ton is then delayed 300 ns by a 60 m long fiber (the optical
length before the fiber is unbalanced, and the fiber can be
split into the two isolated channels from both the polariza-
tion and coherence-time perspective). The attenuator in path
a is applied for adjusting the transmittance. A QRNG-based
switch (QRS) inside the interferometer enables the measure-
ment bases to be chosen independently. Two phases on the
measurement stage σy1 , σy2 are realized by glass plates sim-
ilar to the ϕxi at preparation stage, and the photon then
is detected after BS2. The HWPs are all rotated at 45◦ if
there are no special notes. Then the dimension witness re-
sults can be calculated from the coincidence events from the
ports 1,2,F for stage Y1 or from the ports 3,4,F for stage Y2,
respectively. The second-order-correlation of SPS, can also
be obtained by the total counts from the same data record
(ports 1-4, without port F).
0.093 ± 0.025, and the single photon purity then is√
1− g(2)(0) = 0.952 [26], which indicates 4.8% prob-
ability of multi-photon generation in experiment. This
demonstrates a remarkable quantum emission perfor-
mance and the high single-photon purity at room tem-
perature (more details can be found in Supplemental Ma-
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FIG. 3: The antibunching result of the SPS that is derived
from the same data in experiment. The green dots are the
normalized coincidence-counting results, and the orange line
is the theoretical fit for the data. The fitting function for the
second-order time correlation is g(2)(t) = 1 − αe−|t|/τ where
t is the time delay, α and τ are the fitting parameters. The
fitting results show the lifetime τ = 3.193± 0.136 ns.
terials [25]).
In order to test the wave-particle objectivity in our
delayed-choice experiment, we try to rule out the two-
dimensional causal-structured classical HV models, with
the help of the violation of the dimension witness inequal-
ities. Firstly, under the condition that the preparation
and measurement devices are uncorrelated, the dimen-
sion witness |Det(W2)| is tested in a DI manner. Consider
a scenario with 2k preparations and k binary measure-
ments, we construct the k × k matrix [20]
Wk(i, j) = p(2j, i)− p(2j + 1, i) (1)
with 0 6 i, j 6 k− 1, we write p(x, y) = p(d = 0|x, y) for
simplicity.
Since the dimension of the HV models is two, 4 prepa-
rations {Xi, i = 1 ∼ 4} and 2 measurements {Yi, i =
1 ∼ 2} are required to if we try to rule out the nonretro-
causal classical hidden variable models. Thus, the matrix
of interest (1) is given by
W2 =
(
p(0, 0)− p(1, 0) p(2, 0)− p(3, 0)
p(0, 1)− p(1, 1) p(2, 1)− p(3, 1)
)
. (2)
We can find that in two dimensional classical hidden vari-
able model, the dimension witness |Det(W2)| = 0 . In
our experiment, the transmittance of path a is manipu-
lated in the interferometer, and the statistics is given by
p(x, y) =
1
4
(T 2a + 1) + (Ta/2)cos(ϕx − σy). The experi-
mental results of the dimension witness are shown in Fig.
4(a). Here, 4 preparation bases ϕxi = {0, pi,−pi/2, pi/2},
and 2 measurement bases σyi = {pi/2, 0} are chosen. Due
to the nature of this dimension witness method, we can
obtain the violation under any non-zero transmittance Ta
(this is equivalent to a non-ideal detection efficiency situ-
ation, i.e., η < 1). By varying Ta, we find that as long as
Ta is greater than zero, dimension witness |Det(W2)| > 0
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FIG. 4: Experimental results of the dimension witness tests.
(a) Experimental results of the dimension witness |Det(W2)|
when the real transmittance coefficients Ta of one path of the
MZ interferometer is varied. (b) Results of the dimension wit-
ness IDW at the maximal violation setting. Theoretical and
experimental values of 〈D00〉,〈D01〉,〈D10〉,〈D11〉,〈D20〉 are il-
lustrated, which are the terms in the dimension witness IDW
with maximal violation. The error bars representing one stan-
dard deviation which are obtained from 30 identical experi-
mental procedures. (c) Experimental results of the dimension
witness IDW with fixed phase (ϕxi) at preparation stage and
different measurement settings. The error range of the data
is represented by the two gray edges. (d) The relationship
between ϕxi and the retrocausality R. The lines with dif-
ferent colors are the theoretical values when one of the phase
shifts (ϕxi) is changed at the preparation. The orange circles,
green squares and purple triangles with error bars denote the
corresponding experimental values.
always exists. For the condition of Ta = 1, the maximal
violation |Det(W2)| = 0.987 ± 0.048 can be obtained.
These results indicate that the PAM scenario can ro-
bustly rule out the classical hidden variable model in a
DI manner, and not be affected by noise and detection
efficiency.
As a complementary, the HV models by another di-
mension witness IDW are also tested for which the prepa-
ration and measurement devices are allowed to be corre-
lated via shared randomness. The employed dimension
witness inequality can be written as [21]
IDW = 〈D00〉+ 〈D01〉+ 〈D10〉 − 〈D11〉 − 〈D20〉 6 3.
(3)
The experimental results of the dimension witness IDW
are shown in Fig. 4(b) and Fig. 4(c). In Fig. 4(c),
3 phase shifts ϕxi as pi/4, 3pi/4,−pi/2 are fixed at the
preparation stage, and the measurement basis Y 1 and
Y 2 is changed. From a selection of 25 examples from
σy1 ∈ [0, pi/2] and σy2 ∈ [0, pi], only in some measurement
pairs, IDW can be violated. The maximal violation is
obtained when we set σy1 = pi/2 and σy2 = 0. In this
case, we obtain IDW = 3.787 ± 0.103, and it is violated
by 7.6 standard deviations. The data for each value of
〈Dij〉 contained in dimension witness IDW is shown in
Fig. 4(b).
Besides, the possibility of retrocausality must be al-
lowed if these violation results need to be simulated by
binary classical hidden variable model. In Ref. [19], the
authors proposed a retrocausality quantifier which has a
direct relationship with IDW. This degree of retrocausal-
ity R measurement is given by
min RY→Λ = max[
I − 3
4
, 0]. (4)
Thus, according to the maximally violated IDW obtained
above, we can find the corresponding RY→Λ = 0.197 ±
0.026. The experimental results of the retrocausality
RY→Λ under different preparations Xi are shown in Fig.
4(d). In order to determine the relationship between the
preparations and the degree of retrocausality, we fix the
measurement at the optimal one that is found in Fig.
4(c) (i.e., σy1 = 0, σy2 = pi/2), and change the phase
shift ϕxi at the preparation stage. For example, when
ϕx1 is changed, ϕx2,3 = 3pi/4,−pi/2 is kept fixed. By
varying each phase shift in preparation individually, we
can find within a complete period, the values of retro-
causality RY→Λ are strongly influenced by preparations,
and always below the threshold of 0.207 within the cor-
responding error.
Conclusion.—In this work, we experimentally realize
a causal-modeled delayed-choice experiment using SPS,
and perform it with a MZ interferometer under path de-
gree of freedom. For ensuring the delayed-choice require-
ment in the measurement stage, we build a QRS assisted
by QRNG, which can select the measurement bases in-
dependent of preparation, and provides a fast phase shift
at the measurement stage on the path degree of freedom.
In order to test the wave-particle objectivity, in our ex-
periment, based on the two kinds of dimension witness
inequalities, |Det(W2)| and IDW, we try to exam whether
the statistics property of our results is compatible with
any binary classical hidden variable model. According
to our experimental results, we can exclude any two-
dimensional nonretrocausal classical models on account
5of the violation of the dimension witness inequalities. Es-
pecially, results from the dimension witness inequality
|Det(W2)| are highly robust to technical imperfections
under any non-zero detection efficiency, which can make
the test be performed in a DI manner. Meanwhile, the
outcomes obtained by IDW can also be applied to quan-
tify the retrocausality, which exhibits how much infor-
mation from Y to Λ (as shown in Fig. 1) that HV model
required to reproduce the quantum experimental results.
In addition, results from our experiment also provides an
intriguing perspective and reveals that the causal per-
spective can benefit studies in quantum theory.
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Note added. When we almost finished the manuscript
of our experiment, we noticed similar works by E. Polino
et al. [27] and H.-L. Huang et al. [28], which were carried
out simultaneously and independently.
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